INTRODUCTION
The most commonly used screening tests for Down syndrome use either second-trimester maternal serum biochemical markers or a combination of first-trimester maternal serum markers with ultrasound measurement of nuchal translucency (NT). Recently, screening policies have been introduced where information from both the first-and second-trimester tests is combined. In comparison with screening based on first-or second-trimester markers alone, these policies have great potential for reducing false-positive rates while maintaining or even increasing detection rates. One class of such sequential policies assesses risk on the basis of first-and secondtrimester data that are collected on all women. Risk is calculated in the second trimester on the basis of all the data considered together. The 'integrated test' of Wald et al. (1999 Wald et al. ( , 2003 is an example of this type of 'nondisclosure' sequential testing.
Another policy is to select women for secondtrimester testing on the basis of their first-trimester risk Arbuzova, 2002, 2004; Wright et al., 2004;  *Correspondence to: Dave Wright, Department of Mathematics and Statistics, University of Plymouth, Plymouth PL4 8AA, UK. E-mail: dave.wright@plymouth.ac.uk Maymon et al., 2004 Maymon et al., , 2005 Benn et al., 2005; Cuckle et al., 2005) . Such 'contingent' sequential screening can achieve similar performances to nondisclosure screening, while only a fraction of women need secondtrimester tests (Wright et al., 2004) .
In a previous article , we proposed a contingent screening protocol in which all pregnant women received first-trimester NT and serum biochemical tests (pregnancy associated plasma protein-A (PAPP-A) and either free β-or total human chorionic gonadotropin (hCG)), and approximately 20% of women with intermediate risks would be tested in the second trimester for 'triple' or 'quadruple' markers (α-fetoprotein (AFP), free β-hCG or total hCG, unconjugated estriol (uE 3 ), with or without inhibin-A). Applied to the United Kingdom, this approach could achieve approximately 91% detection with a 2.1% falsepositive rate. Because NT measurement is expensive or otherwise limited in its availability in some locations, it has been suggested that the provision of the first-trimester ultrasound could also be offered on a contingency basis (Christiansen and Larsen 2002; Larsen et al., 2005; Wright et al., 2005) . In this article, we evaluate the effectiveness of such a three-stage screening policy. 
METHODS

Policies
The three-stage policies considered here are defined in terms of four risk cutoffs (Figure 1 ). Except where specifically stated, modelling is based on the following tests and gestational ages:
Stage 1
PAPP-A and free β-hCG are measured at 10 weeks. The risk based on maternal age and these markers is assessed and women with very low risk are screened negative. No pregnancies are screened positive at this stage. The first stage risk cutoff 1/b determines the proportions of pregnancies that go on to have NT measurements in the second stage. Increasing the cutoff (lower value for b) reduces the proportion of pregnancies for which NT is measured. The proportion of Down syndrome pregnancies with risk below this cutoff determines a first stage false-negative rate, which is a lower bound on the overall false-negative rate. The choice of b thus involves a compromise between the earliest reassurance of women and the limit placed on overall detection.
Stage 2
NT is measured at 11 weeks and the risk, based on maternal age, NT and the first-trimester biochemical Figure 1 -Schema showing the design of a three-stage contingent sequential screening policy markers is assessed. Women with very low risk are screened negative and those with very high risk are screened positive. For a given first stage cutoff 1/b, the second upper stage cutoff 1/c 1 determines the early detection and early false-positive rate, while the lower cutoff 1/c 2 determines the proportion of women who continue to the third stage and have second-trimester biochemical markers.
Stage 3
The 'quadruple' markers (α-fetoprotein, free β-hCG, unconjugated estriol and inhibin-A) are measured in the second trimester. The information from maternal age is combined with both the first-and second-trimester markers to assess risk. On the basis of this risk, the pregnancy is screened negative or positive according to the final cutoff 1/d .
Modelling
For each outcome considered (Down syndrome and unaffected), log 10 transformed marker values are assumed to follow multivariate Gaussian distributions. Following our earlier work , the means, standard deviations and correlation coefficients defining these distributions were obtained from the SURUSS study (Wald et al., 2003 (Wald et al., , 2004 . These firstand second-trimester statistical parameters are based on pregnancies that are expected to be viable in the second trimester and assume no correlation between marker values and in utero survival. SURUSS truncation limits were applied in risk calculations. Unless specifically stated, all modelling was based on the sets of parameters obtained when gestational age was measured by ultrasound (with maternal weight correction).
The various rates were estimated using Monte-Carlo methods. Samples of 500 000 observations were drawn. Likelihood ratios were computed for each set of markers at each stage. These were then combined with the maternal age distribution of Down pregnancies or unaffected pregnancies, as appropriate, to derive maternal age-specific detection and false-positive rates.
Rates and cutoffs
The probability of a Down syndrome term pregnancy, conditional on maternal age, was taken from Wright and Bray (2000) . The maternal age distribution was based on data from England and Wales in 2002 (Office of National Statistics, 2002) . To illustrate the performance of the policies for different maternal ages, women were stratified into five groups; 25 and under, 26 to 30, 31 to 35, 36 to 40 and 41 or over.
Initially, the efficiency of three-stage screening was evaluated from the standpoint of either the false-positive rate achievable for a fixed 85% detection rate or, alternatively, the detection rate corresponding to a fixed 1% false-positive rate. For this part of the analysis, we selected risk cutoffs corresponding to second stage Copyright sampling rates of 15, 20, 30 and 40%. We fixed the third-stage sampling rate at half of that in the second stage. The cutoffs were selected to achieve first-trimester detection rates of 50, 60 and 70%.
To assess the practical impact of three-stage screening in a population, we set the term risk cutoffs 1/c 1 and 1/c 2 at 1/20 and 1/2000 respectively, consistent with our previous proposal for two-stage contingency screening . The value for 1/d was set at the widely used 1/250 level. Various values for 1/b were considered. We also considered the impact of a number of modifications from this basic protocol, as described in the Results. Table 1 shows detection rates and false-positive rates for various levels of stage 2 and stage 3 sampling. For comparison, Table 1 also gives results for the case in which 100% of all pregnancies go through all stages.
RESULTS
Performance based on fixed detection or false-positive rates
Of the contingent sampling strategies presented in Table 1 , the strategy in which 40% continue to stage 2 and 20% continue to stage 3 is the most intensive strategy as far as testing is concerned. With this strategy, 60% of screening is completed with first-trimester PAPP-A and free β-hCG alone and 80% is completed in the first trimester. For an 85% overall detection rate, the false-positive rates are only marginally higher than if all screening were completed in the second trimester on the basis of all marker information. For first-trimester detection rates of 50, 60 and 70%, the marginal increase in false-positive rate is 0.1, 0.2 and 0.4% respectively. For a first-trimester detection rate of 70%, the marginal increase is 0.4%. If the overall false-positive rate is fixed at 1%, then the marginal reductions in detection rate compared to 100% sampling are 1.1, 1.4 and 2.9% for 50, 60 and 70% firsttrimester detection rates respectively. For a population of 100 000 pregnancies, these reductions in detection rate would account for an expected 2.3, 2.9 and 6.1 missed cases respectively. On the other hand, 40 000 NT scans and 80 000 second-trimester samples would be avoided.
Performance for a population
The risk cutoff implicit in Table 1 is determined by the rates of second and third-stage sampling, and by the first-trimester detection rate. They are unlikely to be acceptable for implementation against a background where policy is based on a fixed 1/250 risk cutoff. We therefore present in Table 2 the results achievable using practically based risk cutoffs as proposed in Benn et al. (2005) for the UK population. Data is presented for different values of 1/b.
Following NT measurement (stage 2), the detection rate for affected pregnancies is approximately the same for each of the 1/b values evaluated (Table 2) . Similarly, 1/b has little effect on the first-trimester false-positive rate even though the proportion of women receiving NT measurement varies from 12.4 to 64.7%. Although the choice of 1/b has little effect in the first trimester, it does affect the subsequent second-trimester detection that declines from 28.6% when 1/b = 1/8000 to 20.4% for 1/b = 1/500.
Of the various choices for 1/b considered, 1/2000 may be preferred (see Discussion). For 1/b = 1/2000, less than one-thirds of patients need a NT measurement, and less than one-sixth require second-trimester screening. The overall detection rate is only 2.7% lower, and the false-positive rate is only 0.2% higher, Table 4 summarizes estimates for the screening when alternative screening policies, cutoffs, populations or other changes in variables are taken into consideration. Since a substantial proportion of women referred for screening at the first stage may not have received an ultrasound, we first considered the detection rate and false-positive rates when the statistical parameters for first stage biochemical markers were based on gestations derived from the last menstrual period. Assuming the parameter estimates from SURUSS, the overall performance of the screening was found to be similar to that modelled using ultrasound based parameters, but slightly more pregnancies reach the second stage of the sequential test. Assessment of overall performance fails to reflect the fact that errors in gestational age may have large impact on individual screening results. For example, pregnancies with true gestations of 8 weeks with erroneous menstrual gestations of 10 weeks would tend to have inflated first stage risks and over 80% of unaffected pregnancies would continue to the second stage. Compared to the general population, the overall detection rate and false-positive rate would improve for these pregnancies as a result of the additional tests.
Maternal age
Variant screening protocols
On the other hand, pregnancies with true gestational ages of 12 weeks with erroneous gestational ages of 10 weeks would be assigned erroneously low risks at the first stage. The effect of this would be a reduction in the proportion continuing to the second stage (to 7%) and a reduced detection rate to 75% overall. In our modelling, we assume no systematic error in over-or under-assessment of gestational age by menstrual dating, and therefore the net effect of these errors is relatively small. Use of the second-trimester 'triple' test instead of the 'quadruple' test (omitting inhibin) also has a very small effect on the overall performance of three-stage screening. A second-trimester 'double' test (omitting unconjugated estriol) would also be associated with very good overall screening performance.
Lower false-positive rates, at some cost in detection, can be achieved by using a higher second-trimester cutoff. For example, setting 1/d = 1/100 provides an overall detection rate of 87% for a 1% false-positive rate.
We also considered the performance of the three-stage screening protocol applied to the US pregnant population (National Center for Health Statistics, 2004) . For this analysis, we used second trimester rather than term risks, cutoffs of 1/1300 or 1/2600 for 1/b, 1/30 for 1/c 1 , 1/1300 for 1/c 2 , 1/270 for 1/d , total hCG instead of free β-hCG in both the first and second trimester, first-trimester serum testing at 12 weeks, and NT measurement at 13 weeks . Primarily because of the differences in sampling times during the first trimester, the screening performance is somewhat worse overall than in the UK but the relative merits of the three-stage policy are similar to those for the United Kingdom.
DISCUSSION
This study demonstrates that three-stage contingent sequential screening has the potential to considerably reduce NT scanning and second-trimester sampling with little impact on overall screening performance when compared to a policy of nondisclosure screening where all markers are measured on all women. A benefit of this approach is that it allows screening to be completed in the first trimester for most women and early detection of most Down syndrome pregnancies. Although a high proportion of advanced maternal age women would require testing in addition to first-trimester serum biochemical markers, the three-stage protocol does appear to be potentially advantageous for pregnant women of all ages. The protocol provides a logical approach to allocate NT ultrasound examination in situations where, owing to limited resources, it cannot be made available to all women.
The three-stage screening protocol requires the selection of four risk cutoffs, each of which will affect the overall performance of the screening. Furthermore, the choice of a particular cutoff can affect the efficiency of screening downstream from the point that the cutoff is applied. This is illustrated with the first stage 1/b cutoff that affects the number of affected pregnancies detected in the second trimester (Table 2) . Selecting an appropriate set of cutoffs is therefore relatively complex. In practice, cutoffs are likely to be largely determined by those currently in use in first-and second-trimester protocols, availability of resources for NT measurement and biochemical testing, existing patterns of patient screening, and simplicity in the implementation of the protocols. It is also desirable to select cutoffs that do not lead to perceived inequities in patient management. For example, it would be difficult to justify the restriction of NT measurement to women whose risks were greater than 1/1000 on the basis of first-trimester serum tests but also to provide second-trimester screening to women with lower risks. Similarly, it would be problematic to restrict second-trimester screening to women with risks greater than 1/1000 based on first-trimester NT and serum tests when existing second-trimester protocols provide the testing for young women who do not receive first-trimester screening and who, on the basis of their age alone, have risks less than 1/1000. On the basis of these considerations, our estimates for the efficiency of three-stage screening, and our previous suggestions for cutoffs , we would propose that the low risk cutoff 1/b be equal, or lower, than 1/c 2 . A term risk of 1/b = 1/c 2 = 1/2000 for the United Kingdom and second-trimester values of 1/1300 for these cutoffs in the United States are associated with highly efficient screening protocols (Tables 2  and 4) .
Women who enter a three-stage screening protocol may receive up to four estimates for their risk for fetal Down syndrome; risk based on a priori maternal age alone, risk after first-trimester serum testing, risk following the NT exam, and a further estimate following the second-trimester serum test. It would therefore be essential to emphasize to patients that only the most recent risk figure is an accurate assessment of their risk. The psychological impact of these multiple risk figures on patients is unknown and this may be an important consideration in the acceptability of threestage screening. Because the time interval between firsttrimester serum testing and NT measurement is small, the additional patient anxiety associated with the threestage protocol should not be substantially more than that associated with two-stage contingency screening. In fact, overall stress may be reduced because many women will be able to avoid referral to a maternal-fetal medicine unit for the NT scan.
A further set of practical considerations arises over the logistics of delivering a coordinated set of maternal serum and ultrasound examinations within relatively narrow gestational age windows. Our modelling is based on the assumption that, at each stage, all high-risk women will receive the appropriate additional testing. In practice, it is likely that not all women will receive the recommended set of tests. For example, some women may not present until the second trimester. A realistic expectation for sequential contingency screening would therefore be based on detection rates and false-positive rates that fall between those presented here and those based on either first-or second-trimester screening alone.
Other practical issues that need to be considered are the availability of first-trimester screening tests and second-trimester screening for open neural tube defects using AFP. In summary, under the assumption that three-stage contingency screening can be effectively delivered, we have demonstrated that this can be associated with highly effective screening while minimizing the testing offered. Trials are needed to confirm or refine the values for the statistical parameters used, demonstrate the validity of the modelling and to assess the ability to provide the service.
